OBJECTIVE: To evaluate the feasibility of using deuterated water and isotope ratio mass spectrometry to measure de novo fatty acid synthesis in adipose tissue, and to compare this parameter in obese and lean women. SUBJECTS: Six lean and six obese premenopausal Caucasian women in the main study and three obese Pima Indians in a pilot study. MEASUREMENTS: Deuterated water was administered orally twice daily for 14 days to create stable deuterium enrichment in body water, during which series of blood samples were collected to measure body water deuterium enrichment and deuterium incorporation into plasma total Triacylglycerol (TG) fatty acids and total cholesterol. Subcutaneous fat at different sites were sampled at the beginning and the end of deuterium administration to measure deuterium incorporation into TG fatty acids. RESULTS: Fractional de novo synthesis rate of TG fatty acids in adipose tissue was 0.014 AE 0.005 and 0.014 AE 0.007% in lean and obese Caucasian women, corresponding to 2 AE 0.7 and 5.6 AE 3.2 g (P 0.3) of fatty acids synthesized daily, respectively. Plasma TG fatty acids and cholesterol synthesis rates were comparable to those reported previously. A pilot study showed that de novo lipid synthesis in adipose tissue of obese Pima Indians was also quantitatively minor. CONCLUSION: Human adipose tissue, like the liver, does not make a major contribution to whole body lipogenesis under eucaloric conditions. A combination of deuterated water and isotope ratio mass spectrometry is a useful research tool for studying accumulation of de novo synthesized lipids in human adipose tissue.
Introduction
There has been much debate as to the extent of de novo lipogenesis from glucose and the relative contribution from liver vs adipose tissue to this pathway in humans. 1 ± 3 The prevailing belief has been that the liver is the organ responsible for lipogenesis from glucose and the products are exported and stored in adipose tissue. However, data from tracer studies have repeatedly shown the rate of de novo fatty acid synthesis by the liver is only several grams per day, accounting for only a fraction of whole body lipogenesis in healthy individuals consuming eucaloric, mixed diets. 1, 4 Some have suggested with evidence that human adipose tissue is probably capable of synthesizing fatty acids from glucose by itself and storing on site. 3, 5 Unfortunately, the data were obtained in vitro and no in vivo studies have been conducted, largely because of lack of effective methods. 2 Recent advances in stable isotope methodology have made it possible to measure the de novo synthesis of fatty acids in vivo. The two methods that have been applied are deuterium incorporation 1,6 ± 9 and isotopomer analysis. 4, 10, 11 Most studies to date, however, have been limited to the measurement of hepatic lipogenesis by measuring blood-borne lipids. Furthermore, only limited studies have included obese individuals. Thus, whole body lipogenesis may be underestimated, particularly in obese individuals, should lipogenesis in adipose tissue be a signi®cant metabolic route.
The aim of this study was to estimate whole body lipogenesis by measuring the accretion of de novo synthesized fatty acids in subcutaneous adipose tissue. We have utilized the deuterated water technique and isotope ratio mass spectrometry (IRMS) in an attempt to maximize the sensitivity of our assessment. Because of the large mass of body fat (triglyceride) store (10 ± 50 kg), the study was extended over 14 days to permit suf®cient accumulation of de novo synthesized fatty acids in adipose tissue to be able to detect rates as low as a few grams per day. Precursor (body water) enrichments have been kept constant during this period with twice daily oral administration of deuterium oxide (D 2 O).
Materials and methods

Terminology
Due to the fact that it is impossible to distinguish the TG fatty acids that are synthesized by the liver and transported and stored in adipose tissue from those synthesized on site by adipose tissue itself, the use of the phrase de novo synthesized fatty acids accumulated in adipose tissue in the present work does not imply being derived from one source or the other, but simply re¯ects that the newly synthesized TG fatty acids were found in adipose tissue.
Subjects
Six lean (body fat`25%) and six obese (body fat b 35%) premenopausal, non-pregnant Caucasian women were recruited from the university community. Subjects were normolipemic, non-diabetic with normal liver, renal and thyroid function and taking no drug known to affect lipid metabolism. Subjects were instructed to abstain from alcohol during the study period. Caffeine was limited to no more than 150 mgaday. All subjects were weight stable ( AE 2% body weight) for at least 2 months prior to the study. Their recalled dietary histories indicated a fat intake of 30 ± 40% of total dietary energies. Subjects reported normal menstruation (26 ± 30 day cycle and no interperiod bleeding for 6 months prior to the study. Informed consent was obtained from all subjects. All procedures were approved by the Institutional Review Board of the University of Chicago Medical Center.
Because of high prevalence of obesity among Pima Indians, three Pima Indians (one male, two females) participated in a pilot study, conducted at NIH Metabolic Research Center at Phoenix, Arizona. These subjects were also premenopausal, non-pregnant, non-diabetic and without a history of other metabolic diseases. The study employed same techniques and protocol as at University of Chicago except they were in-patients. These Pima Indians consumed a weightmaintaining diet which consisted of 50% carbohydrate, 30% fat and 20% proteins with intake adjusted daily to maintain stable body weight.
Protocol
The protocols at the two centers were identical except that the participants at the University of Chicago were seen in the Clinical Research Center as outpatients, while the participants at the NIH in Phoenix were inpatients. Chicago participants were instructed to maintain their habitual diets and to abstain from alcohol and limit caffeine intake throughout the study period, while those in Phoenix where provided with a diet meeting these criteria. The female subjects began the study between 19 and 22 days of their menstrual cycle. After a 12 h overnight fast, subjects reported to the CRC on the morning of study day (day 0). A 25 ml baseline blood sample was collected from an anticubital vein before a prime dose of D 2 O (99.8% atom% excess, MSD Isotopes, St Louis, MO) at 1 gakg estimated body water was orally administered. This priming dose was followed by a maintenance dose of 0.04 gakg body water given every 12 h for the next 13 days to maintain stable plasma water deuterium enrichment. Plasma water deuterium enrichment measured on days 1 and 3 were used to calculate actual body water turnover and the maintenance D 2 O dose in subsequent days was adjusted accordingly. No further dose adjustments were made. Additional 25 ml of fasting blood samples were obtained prior to administration of the maintenance D 2 O doses in the morning on days 1, 2, 3, 7 and 14. Chicago participants provided 24 h dietary recalls on three occasions. The standard deviation for energy balance was estimated to be 500 kcaladay based on an assumed precision of 100 g in body weight and 1.5% body fat by BIA (average of three measurements each). Body weight and composition, as determined by bioelectrical impedance analysis (BIA), were measured on each of the ®rst three and last three days to monitor changes in body composition that would suggest over-or under-eating. Body weight did not change over the course of the study suggested that the participants were compliant.
Subcutaneous adipose tissues at abdominal, gluteal and femoral regions were biopsied before deuterium administration (day 0) and on the last day of deuterium administration (day 14). The fat biopsies were under anesthesia with lidocaine. About 15 mg of adipose tissue was obtained by needle aspiration.
Analytical procedures
Fatty acid and cholesterol deuterium enrichments (D). Plasma and fat tissue were extracted for total lipids using chloroform and methanol (2 : 1) and the extracted lipids ®ltered through a Whatman no. 1 ®lter paper. The ®ltrate was back-extracted with 0.74% KCl and the upper phase discarded. The lower phase was washed three times with chloroform ± methanol ± 0.74% KCl mixture (3 : 48 : 47, vavav). The solvents were evaporated with a stream of N 2 at room temperature and the resulting total lipids were run on thinlayer chromatography (TLC) (hexane ± ether ± acetic acid, 70 : 30 : 1) to separate TG from other lipids classes. The TG band was scraped from the plate and extracted using hexane ± chloroform ± ether Adipose tissue lipogenesis in lean and obese women ZK Guo et al (5 : 2 : 1, vavav). Puri®ed plasma and adipose tissue TG were saponi®ed with 2% ethanolic KOH at 50 C for 1 h, acidi®ed with H 2 SO 4 and free fatty acids extracted with hexane. For total plasma cholesterol, an aliquot of plasma was saponi®ed with 2% ethanolic KOH at 50 C overnight. Non-saponi®able cholesterol was then extracted using petroleum ether.
Deuterium enrichments were determined as described previously. 6 Brie¯y, the puri®ed plasma and adipose tissue TG fatty acids and cholesterol were transferred to individual 6 mm (outer diameter) quartz tubes using three washes of chloroform. The solvent was evaporated and 0.1 g cupric oxide along with a 2 cm long silver wire was added to each tube. Tubes were¯ame sealed under vacuum. Samples were combusted to CO 2 and H 2 O at 750 C for 2 h. The H 2 O was isolated via distillation under vacuum, transferred to a second quartz tube and reduced to H 2 over 50 mg zinc reagent at 500 C for 30 min. The resulting H 2 gas was then analyzed for deuterium enrichment by isotope ratio mass spectrometry (Nuclide 3-60 IRMS, Belefonte, PA). Deuterium enrichment was corrected for HaD exchange during combustionareduction. The exchange averaged 2.4 mM H 2 with deuterium abundance of 148 ppm. The measurements were made in duplicate and the precision was 0.5 ppm for adipose tissue fatty acids and plasma cholesterol, and 1.2 ppm for plasma triglycerides.
Deuterium enrichment of body water. An aliquot of plasma samples was diluted 10-fold, except baseline samples, with tap water to reduce the deuterium enrichment to workable linear range. Triplicate 2 ml aliquots of diluted and undiluted plasma were distilled under vacuum, reduced over zinc and analyzed by IRMS. The precision of IRMS analysis for baseline plasma water deuterium was 0.3 and 2 ppm for post dose plasma.
Calculations
Deuterium enrichment above baseline was expressed in ppm (da1000)Â155.7, where d is deuterium enrichment in per mil (%) above baseline. The d values of enriched and baseline samples were measured relative to standard mean ocean water (SMOW), or
The daily fractional synthesis rate (FSR) of plasma and adipose tissue TG fatty acids was calculated using the equation: fatty acid Da(plasma water DÂ0.53), where D is the deuterium enrichment in ppm. The constant 0.53 is the factor accounting for the partial (18 H) incorporation of hydrogen atoms of average fatty acids (34 H) from body water. 10, 12 FSR is calculated using two models. One is a linear appearance model which utilizes average daily increment in fatty acid D observed between the baseline and the post dose specimen divided by the number of days during that period of determination. Plasma water D (ppm above baseline) was maintained at steady state by twice-daily administration of maintenance doses of deuterated water. Analyses of body water demonstrated a coef®cient of variation of 6%. The largest CV observed was 9%. Half the participants demonstrated an upward trend and half a downward trend. The largest change from day 1 to day 14 was a 17% decrease in water D enrichment observed in one participant. The other model is the plateau method using the same equation, but the numerator was the D enrichment of day 7 or day 14.
Daily FSR of plasma total cholesterol was calculated using the equation: average daily increment in plasma cholesterol Da(plasma water DÂ0.48). The constant 0.48 is the factor accounting for partial (22 H) incorporation of cholesterol hydrogen atoms (46 H) from body water. 13 The adipose tissue TG FSR was calculated in the same way, ie average daily increment in TG fatty acid Da(plasma water DÂ0.53). The absolute daily synthetic rate was calculated as the total body fat massÂFSRaday. The FSR did not differ between the three sampling sites and thus values were averaged.
Statistics
Values are expressed as meansAE s.e.m. unless as indicated otherwise. Comparisons between groups were made using two-tailed unpaired Student t-test. Comparison of synthesis rates between that determined on day 1 and those determined on later days used repeated measure analysis. A difference was considered statistically signi®cant at P 0.05. No statistical comparison was performed between Caucasian women and Pima Indians.
Results
Participant characteristics
Age, height, weight and percentage body fat of the participants are shown in Table 1 . All three groups' age and height are similar. By design, the lean Body water deuterium enrichment during the study Figure 1 shows body water deuterium enrichment of lean and obese Caucasian women and Pima Indians (pooled two women and one man).
De novo fatty acid synthesis in adipose tissue
Despite extending the study to 14 days, deuterium enrichments in adipose tissue TG fatty acids were less than 3 ppm, which is only modestly greater than the standard error of the duplicate measurement. The fractional and absolute de novo fatty acid synthesis rates are shown in Table 2 . The rates in four Caucasian women (one lean, three obese) are entered as zero because the D enrichment of the adipose tissue fatty acids did not increase within the measurement error. The FSR was the same in lean and obese Caucasian women (0.014AE 0.005 %aday vs 0.014AE 0.007 %a day, respectively). The FSR were greater than zero for all women combined (P 0.04). Because of the larger fat mass, however, the absolute de novo fatty acid synthetic rates were greater in obese women (5.6AE 3.2 gaday) than that in lean women (2.0AE 0.7 gaday), but the difference was not statistically signi®cant (P 0.2). The fatty acid synthesis rates of the three obese Pima Indians were also quite variable (0.02 AE 0.02 %aday). Interestingly, the male, who was very obese, did not show any deuterium incorporation into fat tissues and thus had a determined synthesis rate of zero. The two Pima Indian women, moderately obese, showed net synthesis of TG fatty acids but varied substantially. Nonetheless, the average absolute synthesis rate for Pima Indian group was close to that observed in obese Caucasian women (4.5 AE 4.2 gaday).
De novo synthesis of plasma triglyceride fatty acids
The appearance of deuterium in plasma triglyceride fatty acids was nearly linear during the early portion of the study (day 1 to day 3), but reached a plateau between days 3 and 5 (data not shown). Because of the progression to plateau, the linear appearance model was only applied to the ®rst 3 days of data. The FSR calculated for the ®rst day after the initial dosing averaged 1.8 AE 0.4 and 3.3AE 1.1 %aday for lean and obese Caucasian women, respectively. If the plateau method (average daily enrichments over 7 and 14 days) is used for calculation, the corresponding FSR are 1.0 AE 0.3 and 1.1 AE 0.3 %aday for 7 days and 0.4 AE 0.1 and 0.6 AE 0.2 %aday for 14 days.
Plasma cholesterol synthesis
The appearance of deuterium in plasma total cholesterol is shown in Figure 2 . Deuterium was progressively incorporated into cholesterol throughout the entire study period. The increase in D enrichment Figure 1 Time course of plasma (body) water deuterium enrichment lean and obese Caucasian women and Pima Indians during the course of the study. Deuterated water was administered via mouth twice daily for 14 days. For determination of fractional de novo synthesis rate of fatty acids and cholesterol, the average values were used after adjustment for daily variations. Fat biopsies were taken from abdomen, gluteal and thigh on day 0 and day 14 of deuterium administration for baseline and deuterium incorporation (D) analysis, respectively. Values for these sites were averaged. ASR was estimated by multiplying individuals' total body fat by the determined FSR.
Adipose tissue lipogenesis in lean and obese women ZK Guo et al was almost linear in lean Caucasian women. The calculated daily FSR in this group were 2.2 AE 0.3, 2.1 AE 0.2, 2.2AE 0.2, 2.1 AE 0.2 and 1.7 AE 0.1 % as determined on days 1, 2, 3, 7 and 14, respectively. The daily FSR determined on days 2, 3, 7 and 14 were not different from that determined on day 1 (P ! 0.09). In contrast, cholesterol deuterium appearance in Pima Indians seemed to have approached a plateau by day 14. The daily FSR determined on days 1, 3, 7 and 14 were 6 AE 0.7, 5 AE 0.9, 4 AE 0.5 and 3 AE 0.4 %, respectively. The daily FSR determined on day 7 (P 0.03) and day 14 (P`0.01) were signi®cantly lower than that determined on day 1.
Discussion
In recent years, deuterium has been increasingly used for determination of de novo synthesis rates of triacylglycerol fatty acids 1,6 ± 10,14 and cholesterol. 10, 15 However, this has been limited to blood-born metabolites and it has not been used for the determination of de novo synthesis of adipose tissue lipids. Studies also have been performed to measure de novo lipogenesis in human adipose tissues, but only by an in vitro approach. 3, 5, 16 Therefore, the present study appears to represent the ®rst effort to measure the accumulation of de novo synthesized TG fatty acids in human adipose tissue in vivo.
The results obtained from the present studies indicated that de novo fractional synthesis rates of TG fatty acids accumulated in adipose tissue are extremely low, averaging 0.014% for both lean and obese Caucasian women. Obese Pima Indians appeared to have a similar rate. The fractional synthesis rate is two orders of magnitude lower than the FSR determined for plasma TG fatty acids as observed in present study as well as reported previously. 1, 9, 14 On the other hand, the absolute fatty acid synthetic rate is comparable to that determined for plasma TG fatty acids in healthy, weight stable individuals. 1, 9, 14 Although we cannot distinguish between fatty acids that are synthesized on site by adipose tissue and those that are synthesized by the liver and transported to the fat depots, the comparability of the absolute synthetic rates estimated for hepatic de novo synthesis and the accumulation in adipose tissue as measured in the present study is interesting. This quantitative comparability, if not merely a coincidence, would reinforce the traditional belief that liver is the primary site of de novo lipogenesis. In contrast, under hypercaloric conditions human adipose tissue is able to synthesize appreciable amount of fatty acids by a de novo pathway. 3, 5 Therefore, it appears that the primary site of de novo lipogenesis depends on caloric balance so that under negative or zero (such as the case of present study) energy balance lipogenesis takes place in the liver with adipose tissue relatively inactive in this regard. Hypercaloric and high carbohydrate feeding appear to promote lipogenesis. 2, 3 Whether lipogenesis in adipose tissue in vivo is stimulated by such nutritional conditions needs to be de®ned.
The de novo fatty acid synthesis in adipose tissue appears to be highly variable. Five subjects (four obese) had a synthesis rate of zero. In contrast, subjects OC2 and PI3 had a synthesis rate of 20 and 13 gaday, respectively. This heterogeneity of lipogenesis probably points to differential mechanisms among individuals by which fat is accumulated (active synthesis vs less lipolysis). Although the absence of deuterium incorporation was probably due to analytical error (0.3 ppm), we do suggest that 2 ± 3-fold larger doses of deuterated water be used for the measurement of adipose tissue fatty acid de novo synthesis. Although deuterium oxide is toxic at doses that exceed 10% of body water, 17 a 3 ± 5 fold increase in dose would still be only 0.3 ± 0.5% of body water.
We have taken the opportunity to compare the kinetics of de novo synthesis of total plasma cholesterol in Caucasian women and Pima Indians. Unlike fatty acids, measurement of de novo cholesterol synthesis rate using deuterated water is highly reproducible and precise ( Figure 2) . As previously reported, 15 deuterium incorporation into cholesterol takes a long time to reach a plateau. This was seen again in the present study. However, this appeared not to be the case for obese Pima Indians where the cumulative synthesis curve leveled off by day 14 and approached a plateau. This may suggest a greater synthetic activity as well as faster turnover of cholesterol in this group. Both the cumulative synthesis rates and daily FSR of this group were signi®cantly higher than in lean Caucasian women at all time points. However, it should be noted that only three subjects were involved in the Pima Indian group including a male. Therefore, the implication and signi®cance of the ®nding to the whole population is limited. Deuterium sequestration has been questioned as a source of errors in using the doubly labeled water method to measure energy expenditure in obese individuals. Based on the present data, the largest determined rate of de novo fatty acid synthesis was 20 gaday and the largest de novo cholesterol synthesis was 7 %aday or % 2 gaday. Together these correspond to 1.4 moles per day of hydrogen incorporated from body water. In average adults with a 7 %aday water turnover, this amount of hydrogen sequestration would only introduce an error of 2% for individuals with extremely high lipogenesis and 0.5% for those with average lipogenesis in the estimate of energy expenditure using the doubly labeled water method. Thus the concerns about an underestimate in energy expenditure using doubly labeled water due to hydrogen sequestration are not supported by present data.
In summary, using deuterated water, we have determined in vivo the rates of accumulation in human adipose tissue of fatty acids synthesized de novo. The de novo synthesis rate of triglyceride fatty acids in adipose tissue is extremely low in both lean and obese Caucasian women. We conclude that adipose tissue, at the most, can only synthesize triglyceride fatty acids quantitatively similar to that synthesized by the liver and thus does not account for the large discrepancy between whole body and hepatic lipogenesis.
